In recent work, the scattering-vector method was shown to be well suited for the detection of residual stress ®elds, which vary signi®cantly within the penetration depth ( of the X-rays. It allows the separate evaluation of individual components ' ij (() of the stress tensor directly from a series of measured 4 92 (hkl, () depth pro®les, which are obtained after stepwise rotation of the sample around the scattering vector g 92 for ®xed angle sets (9, 2). In this paper, a solution of improved stability for deriving the Laplace stress pro®les ' ij (() is presented. It is based on the extreme sensitivity of the individual 4 92 (hkl, () pro®les with respect to the strainfree lattice spacing d 0 (hkl), which can be used as a criterion for a simultaneous determination of d 0 (hkl) itself as well as of optimized ' ij (() pro®les.
Introduction
Surface processing, like grinding, shot-peening, case hardening or coating deposition, is well known today to give rise to complex residual stress ®elds in the nearsurface region of polycrystalline materials, which may vary strongly with depth (Scholtes, 1991; Noyan & Cohen, 1987; Hauk, 1997) . In X-ray stress analysis (XSA) performed on the basis of the sin 2 2 method (Macherauch & Mu È ller, 1961) , such steep residual-stress gradients of the in-plane normal components, ' ii (z) (i = 1, 2), often lead to more or less curved d 92 (hkl)±sin 2 2 distributions (hkl are the re¯ection indices) (Hauk, 1984) . From the out-of-plane stresses, ' i3 (z) (i = 1, 2, 3), which may occur in the form of so-called pseudo-macrostresses (PMS) (Noyan & Cohen, 1987) and must be balanced between the individual phases forming the material, only the shear components ' 13 and ' 23 are easy to detect by the effect of 2 splitting (Faninger & Walburger, 1976) . The normal component, ' 33 , on the other hand, usually does not alter the d 92 (hkl)±sin 2 2 distributions in an obvious way, but it may falsify the results of the in-plane residual-stress analysis to a certain amount. The evaluation of ' 33 requires the knowledge of the accurate strain-free lattice spacing d 0 (hkl) of the material under investigation.
The determination of the exact d 0 (hkl), however, is one of the most dif®cult problems in multiaxial diffraction stress analysis, because any handling of the sample in order to obtain some stress-free powder, for example, may modify the chemical composition or the defect structure and, therefore, lead to deviations from the d 0 (hkl) of the compact material (Hauk, 1991) . In recent times, a self-consistent method has been suggested that permits the evaluation of ' 33 (() stress ®elds without the explicit knowledge of d 0 (hkl) from combined É-andmode experiments performed with synchrotron radiation (Ruppersberg, 1992) . Another approach for the evaluation of ' 33 is based on the introduction of an additional tilt angle, [92 method (Peiter, 1976) ], but the systems of equations to be solved are rather complicated and yield only an average value for ' 33 .
The considerations on triaxial X-ray residual-stress gradient analysis presented here are based on another approach, which uses the rotation of the sample around the scattering vector for ®xed azimuth and inclination angles, 9 and 2, respectively, to adjust the penetration depth ( of the radiation within the near-surface region of the material. By means of this so-called scattering-vector method (Genzel, 1994 (Genzel, , 1996 , it becomes possible to separate individual components of the stress tensor from the fundamental equation of X-ray stress analysis and to evaluate the distributions ' ij (() without assuming an analytical expression to describe the depth pro®les. The formalism has been successfully applied to the residualstress analysis of thin and strongly textured PVD (physical vapour deposition) coatings of Ti 1Àx Cr x N, where the in-plane stress ' || (() was obtained from the differences of the strain depth pro®les 4 2 (hkl, () = [d 92 (hkl, () À d 0 (hkl)]/d 0 (hkl), which were measured at two neighbouring positions 2 1 and 2 2 near the intensity poles of the texture (`difference method') (Genzel, 1998; Genzel & Reimers, 1998) .
In the present paper, use is made of the extreme sensitivity of the strain pro®les 4 92 (hkl, () with respect to d 0 (hkl). It will be shown that the stress depth pro®les ' ij (() obtained in the scattering-vector mode at individual positions 2 will only ®t together in the sense of à universal plot' (Ruppersberg et al., 1989) if the correct d 0 (hkl) is taken. After a brief summary of the basic principles of X-ray stress-gradient analysis (x2), the corresponding formalism, which will be referred to as the`optimization method' of residual-stress gradient evaluation from measurements performed in the scattering-vector mode, is derived (x3). In the second paper of this series (Genzel et al., 1999) , it will be demonstrated by means of practical examples that this`optimization method' can be used simultaneously for both the determination of d 0 (hkl) itself and the determination of the stress pro®les ' ij ((), even if the stress state is multiaxial, i.e., if a ' 33 (() component occurs within the penetration depth of the X-rays.
2. Fundamental principles of X-ray stress-gradient analysis
Basic relations
The XSA of steep stress gradients in the near-surface region of polycrystalline materials is based on the detection of lattice strains 4 92 (hkl, () for different angle sets (9, 2) of the scattering vector g 92 with respect to the sample system P (Fig. 1 ). Due to the exponential attenuation of the X-rays, the strains as well the stresses calculated from them by Hooke's law are weighted averages (`Laplace values') with respect to the actual depth z below the surface:
In equations (1a) and (1b), A denotes the lateral extension of the irradiated area, which should be much larger than the grain diameter of the material, and D is the thickness of the sample under investigation. For D ) (, which holds in most cases except for thin layers, the upper limits of the integration with respect to z can be replaced by in®nity and, therefore, 4 92 (hkl, () as well as ' ij (() will become the true Laplace transforms of the actual depth pro®les, 4 92 (hkl, z) and ' ij (z), with respect to 1/( divided by the penetration depth (, i.e. 4 92 (hkl, () = 1/(L[4 92 (hkl, z); 1/(] and ' ij (() = 1/(L[' ij (z); 1/(], respectively. For quasi-isotropic materials, the correlation between the lattice strains 4 92 (hkl, (), obtained in some measuring direction (9, 2), and the full stress tensor '(() is given by the fundamental equation of XSA:
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where s 1 (hkl) and 1 2 s 2 (hkl) are the diffraction elastic constants (DEC). For the following considerations, it is more convenient to rewrite equation (2) in the form
where the F ij are the so-called stress factors. The corresponding expressions of the F ij for the normal stress components ' ii are given, for example, by F 11 hklY 9Y 2 1 2 s 2 hkl cos 2 9 sin 2 2 s 1 hklY 4a F 22 hklY 9Y 2 1 2 s 2 hkl sin 2 9 sin 2 2 s 1 hklY 4b F 33 hklY 2 1 2 s 2 hkl cos 2 2 s 1 hklX 4c
For highly textured materials, the macroscopic elastic behaviour becomes anisotropic as well because of the preferred orientation of the crystallites, and the F ij have to be calculated using the single-crystal elastic compliances, s ijkl , and the orientation distribution function (ODF) (Behnken, 1992) , or, in the case of marked ®bre textures, by means of the intensity distributions obtained from the pole ®gures (Genzel, 1998) as weighting factors.
Concepts in angle dispersive stress-gradient analysis
Considering equation (2), one realizes that it represents a complex system consisting of the experimentally determined strains on the left-hand side and the unknown stresses on the right-hand side. The evaluation of stress ®elds ' ij ((), which vary signi®cantly within the penetration depth of the X-rays, requires the detailed knowledge of 4 92 (hkl) as function of (. A general formulation for the penetration depth (, which is de®ned by the condition that the intensity I of the X-rays passing through the material is 1/e of the primary intensity I 0 , is given by ( sin 2 À sin 2 2 cos 2 sin 2 2 sin 2 2" sin cos 2 5 (Genzel, 1994) . In equation (5), is the Bragg angle, " denotes the linear absorption coef®cient, which depends on the radiation used, and describes the rotation of the sample around the scattering vector g 92 for ®xed (9, 2) with respect to the sample system P (cf. Fig. 1 ). According to equation (5), the penetration depth depends on the four parameters 2, , and ". In principle, each of them can be used in order to vary (. While the use of different radiations or re¯ections hkl represents a discontinuous variation (Zedehroud et al., 1993; Ligen et al., 1994; Eigenmann et al., 1990) , a continuous variation of ( can only be achieved by the remaining parameters, the tilt angle 2 and the rotation angle . Most of the methods which have been developed so far in X-ray stress-gradient analysis (e.g. Ruppersberg, 1992; Ruppersberg et al., 1989; Ruppersberg & Detemple, 1993; Eigenmann, 1990; Leverenz et al., 1996; Detemple & Ruppersberg, 1993) are based on the measuring principle of the sin 2 2 method. Thus, performing stress-gradient analysis in the É or in the mode of diffraction, in which the tilt axis of the sample lies parallel and perpendicular to the diffraction plane, respectively, ( is varied by 2 and equation (2) has to be solved for the unknown ' ij [((2)] by the least-squares method. Therefore, the individual depth pro®les ' ij (z) are usually described by appropriate functions which can easily be transformed into ' ij (() by means of equation (1). The shear-stress components ' 13 and ' 23 can be separated from the calculations, if measurements performed in the azimuths 9 = 0 and 90 , respectively, are combined by 1 2 [4 0/90,+2 (hkl, () + 4 0/90,À2 (hkl, ()]. A further reduction of the number of stress components requires more or less major assumptions on the stress state in the near-surface region. But even if the calculations are restricted to the biaxial stress state [i.e. assuming ' 33 (z) to be neglectable within the penetration depth of the X-rays], the number of parameters for describing the pro®les ' 11 (z) and ' 22 (z) often remains large and the system of equations to be solved may become ill-conditioned.
An alternative method for X-ray stress-gradient analysis, which makes use of the rotation around the scattering vector g 92 to vary ( according to equation (5), has been proposed by (Genzel, 1994) . The ( range covered by a rotation of %/2 starting from = 0 for a given value of 2 corresponds to the difference ( É À ( between the penetration depths of the É and the mode of the conventional XSA (Fig. 2) . For 2 > , the lower limit for is de®ned by the condition ( = 0 in equation (5), i.e. by min = arcsin [(sin 2 2 À sin 2 )/ (cos 2 sin 2 2)] 1/2 . Thus, taking diffraction pro®les after stepwise rotation of the sample around g 92 (which will subsequently be referred to as an` scan'), ( is now varied by means of , and d 92 [hkl, (()] pro®les are obtained even for the same orientation (9, 2) of the scattering vector with respect to the sample system P. The angle 2 now becomes a usual (®xed) parameter in the same sense as 9 and, therefore, individual components ' ij (() in equation (2) can be separated, if scans performed at different 9 and 2 are combined in an appropriate way.
3. Self-consistent procedure for evaluating multiaxial near-surface stress states 3.1. Lattice-spacing depth pro®ling in the strain-free direction of a biaxial stress state
In the following, it will be assumed without loss of generality that the orientation of the principal stress system is known and that it coincides with the sample system P. The shear stresses ' i3 (i = 1, 2) are not considered here because they can easily be eliminated (cf. x2.2). Variations of the chemical composition with depth are excluded from the considerations, since they would give rise to variations of the strain-free lattice spacing d 0 (hkl) and, therefore, be in no way different from the effect of a ' 33 (() stress gradient.
The ®rst step in the procedure of multiaxial residualstress gradient analysis to be described here is the detection of the lattice-spacing depth pro®le d 2* (hkl, (), which corresponds to the strain-free direction of the biaxial stress state (i.e. ' i3 = 0), de®ned by 2* = arcsin [À2s 1 (hkl)/ 1 2 s 2 (hkl)] 1/2 . Here, the scattering-vector method offers two approaches. On the one hand, d 2* (hkl, () can be obtained directly from scans performed at 2* in the azimuths 9 = 0 and 90 :
On the other hand, it is possible to calculate d 2* (hkl, () even from d 92 i (hkl, () depth pro®les measured for 9 = 0 and 90 in two neighbouring 2 positions, 2 1 and 2 2 , which may be far from 2*:
In equation (7), the following abbreviations were introduced:
The derivation of equation (7) is given in Appendix A; as shown there, it yields d 0 (hkl) for a biaxial stress state in the near-surface region of the material, and d 2* (hkl, () = {[ 1 2 s 2 (hkl) + 3s 1 (hkl)]' 33 (() + 1}d 0 (hkl) for a triaxial stress state.
While the direct way for measuring d 2* (hkl, () by means of equation (6) is always limited to a ®xed ( range, which is prescribed by 2* in equation (5), the indirect method given by equation (7) offers the additional possibility to extend the information on d 2* (hkl, () very close to the absolute surface, by means of scans performed near the grazing incidence, for example, at 2 positions 2 1 = 80 and 2 2 = 85 , respectively.
Thus, analysing the lattice-spacing depth distribution in the strain-free direction of the biaxial stress state by means of equations (6) and (7) will give a ®rst hint, whether the stress state in the near-surface region of the sample under investigation is biaxial or not (Fig. 3) . Excluding chemical composition gradients, the biaxial case should give a straight horizontal run of d 2* (hkl, () = d 0 (hkl) [cf. equations (16) to (18) 3.2. Stress-gradient analysis by optimization of universal stress curves 3.2.1. Biaxial stress state. The basic idea of the formalism applied here to residual-stress gradient analysis is to join individual sets of in-plane stress distributions, ' 2 i k ( = 1 2 [' 11 (() + ' 22 (()] (2 i ) , which are obtained from the d 2 i (hkl, () depth pro®les measured in the scatteringvector mode at different inclination angles 2 i , to onè universal' stress curve ' u k (. With 4 2 i hklY ( d 2 i hklY ( À d 0 hklad 0 hklY 9 each ' 2 i k ( pro®le is directly related to its d 2 i (hkl, () pro®le with the corresponding stress factor F || (hkl, 2 i ) acting as proportionality constant [cf. equation (16) in Appendix A]:
Now, in order to join the individual ' 2 i k ( pro®les given by equation (10) at discrete depths ( k i in the Laplace space (the subscript k i means that the ( positions chosen for the scans at the individual 2 i may differ from each other), use is made of the extreme sensitivity of the lattice strains with respect to d 0 (hkl). The formalism is shown in Figs. 4 and 5. The criterion, which ®nally yields d 0 (hkl) as well as ' u k (, is that the individual ' 2 i k ( curves only ®t together without any offset if the correct d 0 (hkl) is used in equations (9) and (10), respectively. Therefore, varying the strain-free lattice spacing in suf®ciently ®ne steps within a range which is expected to contain the correct d 0 (hkl), and calculating the ' 2 i k ( k i pro®les for each of these values, leads to more or less smooth total curves ' u k ( k AE (Fig. 5) . The`quality' of the resulting pro®les can be judged quantitatively in different ways.
One possible way to determine the quality of a pro®le is to ®t the discrete ' u k ( k AE data to an appropriate Fig. 3 . Schematic view of the lattice-spacing depth distribution d 2* (hkl, () in the strain-free direction of a biaxial stress state de®ned by 2* = arcsin[À2s 1 (hkl)/ 1 2 s 2 (hkl)] 1/2 . Signi®cant deviations from d 0 (hkl) indicate the presence of ' 33 (() stress ®elds. Immediately at the surface, the condition d 2* (hkl, 0) = d 0 (hkl) must be ful®lled because ' 33 = d' 33 /dz = d' 33 /d( = 0 for z = ( = 0. function. Practical experience shows that here best use is made of polynomials f((, a 0 , F F F , a g ) = g n0 a n ( n . Taking the sum of the least squares, 1 2 , as a measure of the goodness of the ®t (Press et al., 1992) , one obtains the correct d 0 (hkl) easily from the minimum of the 1 2 [d (r) (hkl)] distribution, where d (r) (hkl) denote the different values used for d 0 (hkl) in the procedure (Fig. 5) . Although the choice of the ®t function at ®rst seems to introduce some arbitrariness into the calculation, the resulting d 0 (hkl) practically does not depend on the function itself, if the model is correct. This can be proved, for example, by the use of conventional quality parameters such as Q[ 1 2 (N À M), 1 2 1 2 ], where Q is the socalled`chi-square probability function' and stands for the complement of the incomplete`gamma function', with N and M being the number of data points and the ®t parameters, respectively (for details, see Press et al., 1992) . It will be shown by practical examples in the second paper of this series (Genzel et al., 1999 ) that a variation of the degree of the employed ®t polynomial from the second to the ®fth alters d 0 (hkl) only by an amount smaller than AE2 Â 10 À5 A Ê , which is neglectable in comparison with the other uncertainties in X-ray stress analysis. However, it is also possible to optimize the individual stress curves in a straightforward way without assuming a ®t function. Thus, connecting the individual data points of the ' u k ( k AE pro®les by interpolation (cf. Fig. 5 ), the criterion for the most smooth curve is given by the minimization of the total length t AE of the interpolation path, which can be calculated by summation, or, if splines of higher degree are used for the interpolation, by path integration. In all cases investigated so far, the results obtained in this way for d 0 (hkl) agree quite well within a range of AE3 Â 10 À5 with those calculated by means of a ®t function as described above.
3.2.2. Triaxial stress state. If the stress state becomes triaxial within the penetration depth of the X-rays, an additional term, which contains ' 33 ((), occurs in equation (10) [cf. also equations (2) and (3)]:
This term represents a`true' offset between the individual ' 2 i k ( pro®les shown in Fig. 5 , even in the ®nal ' u k ( curve calculated with the optimized d 0 (hkl)! However, because ' 33 (() is unknown at ®rst, an iterative procedure has to be applied in order to separate the ' || (() from the ' 33 (() component (cf. Fig. 6 ). It requires the explicit knowledge of the lattice-spacing depth pro®le d 2* (hkl, () in the strain-free direction of the biaxial stress state, which can be obtained, for example, by the formalism suggested in x3.1. Starting the d 0 (hkl) and ' u k ( evaluation with the procedure described in x3.2.1, which yields some value d 1 0 (hkl) for the strainfree lattice spacing, a ®rst approximation for the out-ofplane component, ' 1 33 (, can be calculated by
Then, subtracting the`offsets' F 33 (hkl, 2 i )/ F || (hkl, 2 i )' 1 33 ( point by point from the individual discrete 4 2 i (hkl, ( k i )/F || (hkl, 2 i ) pro®les [cf. equation (11)] yields an improved approximation for the individual in-plane stress pro®les, ' 2 i k ( k i 2 . The iterative application of the`optimization method' and equation (12) can be shown to converge rapidly after a few steps and, therefore, to yield the separated in-and out-ofplane stress pro®les, ' u k ( and ' 33 ((), respectively, as well as d 0 (hkl).
3.2.3. Separation of the in-plane stress components ' 11 (() and ' 22 ((). Finally, if the in-plane stress state is not of rotational symmetry, the principal components ' 11 (() and ' 22 (() have to be separated from the optimized in-plane sum pro®le ' || ((). Having performed all Fig. 4 . Procedure for the evaluation of optimized`universal' stress pro®les ' u k ( as well as of d 0 (hkl) by 1 2 minimization; biaxial stress state. See x3.2 for details. measurements in the azimuths 9 = 0 and 90 , the difference of the principal in-plane stresses is given by
It should be noted that f À (() is almost insensitive to uncertainties of d 0 (hkl) for the same reason that holds true for the sin 2 2 method, because it represents a relative measure in the form of the difference of the strains obtained at 9 = 0 and 90 , respectively. Thus, using equation (13) and ' || (() = 1 2 [' 11 (() + ' 22 (()] [cf. equation (15) in Appendix A], the principal in-plane stresses are given by
Discussion
The rotation of polycrystalline samples around the scattering vector g 92 for some inclination angle 2 T 0 represents an additional degree of freedom for the continuous variation of the penetration depth (, which has not been used so far in X-ray stress analysis. Latticespacing depth pro®ling independently of 2, however, offers new and interesting possibilities in the XSA of steep stress gradients, because individual components ' ij (() of the stress tensor, which are coupled in the fundamental equation (2), now can be evaluated independently of one another. The main problem in practical stress-gradient analysis concerns the stability of the solution, i.e. the`robustness' of the applied method with respect to more or less large (statistical) experimental errors, manifested, for example, as scattering of the diffraction data due to weak intensities. A method must be considered unstable if removal of some data leads to signi®cant changes in the evaluated stress state, or, especially in triaxial stress analysis, if the uncertainties in the lattice strains due to an inaccurate d 0 (hkl), for example, lead by error propagation to large errors for the individual components of the stress tensor. These points have to be regarded carefully in the discussion of the suitability of different methods with respect to special problems in diffraction stress analysis. In the case of the scatteringvector method, in principle two ways are possible for stress-gradient evaluation.
The`difference method' (Genzel, 1994; Genzel & Reimers, 1998) can be considered from a conventional point of view to be some kind of`depth-resolved' sin 2 2 method performed at two angles 2 1 and 2 2 . Thus, taking the differences of two d 2 i (hkl, () depth pro®les for the evaluation of ' || (() [cf. equation (17) in Appendix A], uncertainties of d 0 (hkl) are only of minor importance, for the same reason as applies to the sin 2 2 method. On the other hand, however, the procedure is based on the Fig. 4 . The stress pro®les ' 2 i k ( obtained by equations (9) and (10) for the individual inclination angles 2 i at discrete penetration depths ( k i only ®t together without any offset if the correct d 0 (hkl) is used. Note that different values of d (r) (hkl) taken for d 0 (hkl) in the calculations lead additionally to a shift of the residual-stress pro®les on an absolute scale. division of differences, i.e. small values, and, therefore, it is very sensitive, even to small variations in the runs of the individual d 2 i (hkl, () curves. For this reason, thè difference method' fails if the errors in the slope determination are equal or larger than their difference (Fig. 7) .
In the case of the`optimization method', introduced in this paper, the situation seems, at ®rst sight, to be reversed. Here, since ' || (() is calculated directly for each strain pro®le 4 2 i (hkl, () = [d 2 i (hkl, () À d 0 (hkl)]/d 0 (hkl) [cf. equations (9), (10) and (16)], some scattering of the strain data will not change the run of ' || (() in an obvious way. But, analogous to triaxial stress analysis (and in contrast to the`difference method'), even small variations of d 0 (hkl) will lead to signi®cant shifts of the stress state on an absolute scale (cf. Fig. 5 ). This extreme sensitivity with respect to d 0 (hkl), however, can be used purposefully to ®nd d 0 (hkl) itself, because all the stress pro®les ' 2 i k ( obtained by equation (10) from the strains 4 2 i (hkl, () measured at the individual 2 i only ®t together in one`universal plot' if the correct d 0 (hkl) is applied to the calculations.
A further advantage of the`optimization method' compared with the`difference method' concerns thē exibility in the selection of the 2 positions in which the scans are to be performed. Whereas the latter case always requires`pairs' of neighbouring 2 angles, which are, for example, 5 to 10 apart from each other, in order to obtain suf®ciently overlapping ( ranges, the`optimization method' has no such restrictions, because all scans are joined in one plot. Therefore, the same ( range can be analysed with clearly reduced measuring expenditure.
In the second paper of this series (Genzel et al., 1999) , the formalism will be shown by practical examples to yield stable and satisfactory results, even in the case of more or less strongly scattering experimental data. This holds true for the analysis of biaxial stress states as described in x3.2.1. The triaxial stress evaluation (cf. xx3.1 and 3.2.2), however, which will be demonstrated using the example of a ground ceramic, always requires well pronounced (smooth) lattice-spacing depth pro®les, especially if equation (7) is applied to the calculation of depth pro®les in the strain-free direction of the biaxial stress state.
Final remarks and prospects
Considering the scattering-vector method from a generalized point of view, other ways seem to be possible in order to realize its basic idea, namely the measurement of lattice-spacing depth pro®les independently of the inclination angle 2. If the residual-stress state is to be analysed only within the ®rst few micrometres below the surface, use should be made of the rotation of the sample around the scattering vector to vary (, as proposed in the present paper.
However, in order to bridge the gap between the (biaxial) surface-and the (triaxial) volume-stress state, the idea of the surface-strain scanning technique using neutrons (Webster et al., 1996) or synchrotron radiation of short wavelengths (Webster et al., 1997) can be adapted, where the sample surface is moved stepwise through a gauge volume. Here, the information depth is given by the centroid position hzi of the gauge de®ned by slits in the primary and the secondary beam. Thus, if lattice-spacing depth pro®ling is performed this way for Fig. 7 . Schematic view of stress-gradient evaluation by the`difference method' [cf. equation (17) in Appendix A]. For two 2 positions larger than 2* (strain-free direction of the biaxial stress state), case (a) would produce correct results, since the runs of the d 2 i hklY ( pro®les (i = 1, 2) and of ' || (() have the same direction. In case (b), however, which may arise for strongly scattering data, the method fails since the limits of error in the slope determination are larger than their difference. Fig. 6 . Iterative procedure for triaxial stress-gradient analysis. The stepwise application of the procedure shown in Fig. 4 and successive calculation of ' m 33 ( by means of equation (12) using the corresponding d m 0 hkl ®nally yields the separated in-and out-ofplane stress pro®les as well as d 0 (hkl). See x3.2 for details different 2 angles and the individual scans are joined by the formalism given in this paper, depths up to some millimetres below the surface should become accessible to residual-stress gradient analysis.
Using high-energy X-ray sources (E ! 60 keV), on the other hand, even lattice-strain depth pro®ling becomes possible without any sample movement, if energy-dispersive measurements are performed in the re¯ection mode (Brusch & Reimers, 1997) . Here, each peak in the energy spectrum obtained for a ®xed 2 position corresponds to different lattice planes hkl, whose normals, however, which are parallel to the scattering vector, all have the same orientation with respect to the sample system. Because each peak is additionally assigned to another penetration depth, the considerations of the present paper should still be applicable to this case, with the difference that each data point has its own diffraction elastic constants, which have to be used in the calculations.
APPENDIX A Calculation of d 0 (hkl) and d w* (hkl, s) from d w (hkl, s) pro®les obtained for two neighbouring w positions First, assuming a biaxial stress state (i.e. ' i3 = 0, i = 1, 2, 3), the in-plane stress distribution ' || ((), de®ned by
can be calculated either directly from one d 2 (hkl, () depth pro®le (`optimization method'), or, from the difference of two pro®les d 2 1 (hkl, () and d 2 2 (hkl, () obtained at neighbouring 2 positions (`difference method') (Genzel, 1994) in the scattering-vector mode:
' k ( d 2 hklY ( À d 0 hkl d 0 hklF k hklY 2 16
and ' k ( d 2 1 hklY ( À d 2 2 hklY ( d 0 hklÁF k hklY 2 1 Y 2 2 X 17
Equating equation (16) with (17) yields, for 2 = 2 1 in equation (16),
In the case of a triaxial stress state with ' 33 T 0, however, one has Note that the right-hand side of equation (20) does not depend on 2 as well as ' || . Because 1 2 s 2 (hkl) + 3s 1 (hkl) = F 33 (hkl, 2*), it corresponds exactly to the measurement of the lattice spacing performed in the strain-free direction for a biaxial stress state by means of equation (6).
